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FOREWORD
This manual provides the necessary background for successful opera-
. . .. . - .
tion of the Single Expansion Plug Nozzle Performance computer program,

The manual was prepered under Contract NAS9-24867, Digital Computer Pro-

grams for Rocket Nozzle Design and Analysis, with the NASA Manned Spuacce-
- craft Center, Houston, Texas, and is the fifth of seven volumes specified
in Part 1T of the contract,
.
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The necessiyy infornatfon for successful operation o 1 Sing

The 1 \ t f ful o t f the Single

Expansion Plus Nowele Perforuance cowputer program is presented in this

wanual.  Boundary conditions for the construction of {he supersonic flow
ield and the ovder of ¢alculations of the computer procranm is given with

field bl I f Teulat £t puit pY is given witd

a discunsion aud [ Tow dideram of vach subroutine. Lhe input reauived by

the progsram is desceribed and o sample output given,

No attempt is made to dervive the cquations used by the program, A
q

general derivation of the basic equations, along with apelications, is

given in Volume T of this report.
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SECTION X
NI

TNTRODUCTTON

Since plug‘noxrlos can operate over a wide range of altitudes while
sustaining a high level of performance, it is often necessary to calculate
the performance for a given plug nozzle at off-desiun conditions. This
can be appromimated with the S$ingle Expansion Plug Nozzle Performance

camnt v procram . ohiich vses the method of chavacterictics for cteady
] , AR

supersonic potential flow in developing the flow field.

A veneral description of the types of nozzle contours, gas models,
and starting conditions and the effect of the external boundary is pre-
sented herein with a detailed description of the order of calculations
used by the computer prograum. Fach of the subroutincs used in the pro-
gram is discussed and flow diagrams are given for clarification. The
input and output formats fov thé program are included with reconmended

procedurcs to take in the event of unsuccessful runs,

If strong shock waves are encountered that cannot be approximated
by a foldback in the characteristic curves, the program will fail and
further calculations at the given off-design condition will be dis-

continucd.

Although a truncated plug nozzle contour may be used, no attenpt

is made to determine the effects of base pressure on per formance,
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SECTTON 11
TECHRTCAL DESCRIPTLON

The Single Expansion Plue Nozzle Perlormance computer propram uses
& I ¢ ! I :

the method of characteristics for two-dimensional ov axisymnetric

potential flow to calculate the supervconic flow ficld and performance

for a given plug nozzle contour, gas wodel, starting condition, and

altitude.  The novzle Is assvaed to exbiust dnto guilescent air.

The wain program of the deck is used to control the order of calcula-
tions, while calculations such as determining the fluid propertices at an
interior point of the flow {ield or performance pavavcters along the
contour of the noz=le are wade in subroutines, which are "called” by the
main program or other subroutines., The function of the main propram and
calculations made therein arce described in Paragrophs A nnd B, and the

deseriptions of the individual subroutines are given in Paragraph C,
A, BOUNDARY CONDITIONS

¢ 1WPUT Subroutine,

The first function of the main program is to cail ti
prog

which initializes parameters and reads in the input data,

I'he boundary
conditions required in the input are described in the following para-

graphs.
1. Nozzle Contour

A typical supersonic plug nozzle contour and characteristic net are

shown in figure 1.
Two types of nozzle contours may be used by the program.

1. A contour described by the coordinates of points on the
curve Cng of {igure |,
2. A conical contour foi a given half angle and nozzle leapth,

II-1
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A semiconical contour mayv be used by describing the ceordinates
along the initial pavt of the contour and providing a nozzle axial length,
XCUT, greater than the last iuput coordinate, but less thuan the coordinate
of the intersection of the cone and the nozzle centerltine., A conical
scection will then be generated from the last coordinate with the slope
of this point,
When coordinate points are specified along the contour, a beam fit
procedure (BMFIT Subroutine) is used to fit a curve through these points.
This method of curve fitting requives that a boundary condition at each

end point be specified. In the case of the contour, the boundary condi-

tions are given by the slopes of the contour at the first and last point.
2. Gas Model

In many cases, nozzle performance may be approximated by assunming a
perfect gas; in which case only the specific heat ratie, ~, must be input,
and the thermodvnamic propertics are calculated by using perfect gas
relationships. For this condition, the local velocity is nondimensionalized

ro

with respect to the maximum velocity (qux). Ihe critical velocity ratio,
nan )

Veonic, (i.e., where M = 1) and density ratio at the throat are
\Y . .
W B sonic Y -1
sonic \Y - Y+ 1
max
and
C 1
sonic 2 Y-1
—_— = 1 - U . .
€ ) sonic
o

Nozzle performance for an ideal gas (usually equilibrium or frozen
flow) may be calculated by specifying the thermodynamic properties in

‘abular forwm as a function of specific iwpulse. These properties way

II-3
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he obtained from conventional onc-dimensional combustion programs?®, and
consist of pressure, density, and local frozen sound specd (optional),

as a function of specific impulse. The SONICP Subroutine beam fits these
propertics as a function of speciflic impulse and determines the sonic
velocity and density at the throat., The local velocities are then non-
dimensionalized with respect to the sonic velocity, and the thermodynamic

propertics beun fit as a function of the velocity ratio.

3. Starting Conditions

The starting conditions (i.e., the flow propertics along P]Cl in

ficure 1) can be specificd by any of the following methods:
£ I 3 A 5

1. A given Mach line whose coordinates and flow propertics are

known along the line

2. A straight down Mach line (TMIINE Subroutine)

3. A line of constant Mach number (ITMLINE Subroutine).

For all of these cases, the initial throat line must originate at point

P, in fipure 1, and be slightly supersonic.

1

4, External Boundary

The awount of expansion and the shape of the external or free boundary
are dependent upon the altitude at which the performance of the nozzle is
to be calculated. Although altitude also affects the pressure on the
hase of truncated nozzles, no attempt is made to calculate the additional

performarce due to the base pressure,

*Zelenik, F. S., and S. Cordon; NASA TN D-1454 "A General Th 704 or 7090
Computer Program ior Computation of Chemicnl Pauilibrium Cowpositions,

Rocket Perfnrmance and Chapman - Jouguet Detonations',

Ti-4
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When exhausting into quicscent air, the pressurce rewmiains constant
along the free.boundary; therefore, the altitude can be described by the
ambient pressure with the exhaust velocity alony the free boundary cal-

culated for this pressure (AMBV Subroutine).
B. FLOW PIELD CONSTRUCTION

Havin:g epecifind the nozrle contour, ¢as model, starting condition,
and ambient pressure, the wain program proceecds with the flow field con-
struction and calculates nozzle performance. To calculate performance,
the mass flow rate and mininum cross-sectional area are determined by
integrating QVndA along the first down Mach linme at the throat (IMFLOW
Subroutine). Then the gross thrust coefficient at the first point on
the contour is determined by integrating the rate of chanue of momentum
and static pressure forces along the same doun Mach line (CTGT Subroutine).
Additional thrust is duc to the pressure distribution along the plug
contour, and is calculated for each flow field contour point. The PERFO
Subroutine is used to calculate and print the following performance

parameters:

1. X/R

2. Y/R

3. TAN THETA (Contour Slope)

4, MACH NO.

5. P/PC (Local static pressure/chamber pressure)
6. CAMMA (Specific heat ratio)

7. AS/A* (Surface area/thvoat area)

8. CIC (Gross thrust cocfficient)

9, CIN (Net thrust coefficient)

I11-
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The tiow ficld construction depends on whether the nozzle is overs
expanded or underexpanded, as illustrated in figures 2a and 2b,  Using
) s

the procedure in EXPAND Subroutine, the {leow at the throat is expanded

through small increwents in velocity ratio. From the expansion point,

Vehicle Afterbody

Froee Boupdary —»— —— =77

SECTION TII

—«—— Up Mach line

Plug Contour — ™~ !

Ficure 2a. Underexpanded Nozzle

«—Vehicle Afterbody

~— Free Boundary

Figure 2b, Overexpanded RNozzle

a down Mach line Ban (figure 3) is constructed by obtaining the inter-
section of a down Mach line frow B1 with up Mach lines from the points
on the initial Mach line AlAn (INTX Subroutine). If the end of the

contour has naot previously been reached, the down Mach linc B],En is ex-

tended to the nozzle contour using the procedure in BOUNDD Subroutine,

11-6
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~— Otherwvise, the down Mach lines in the expansion section are terminated

at the up Mach ‘line from the last point on the contour.

\\\\ «<-—-Nozzle Contour

~

Figure 3

After each boundary calculation, a test is wade to check the axial
distance between the last two contour intersections. If this distance
is greater than a specified tolerance, the expansion increment is halved
and the down Mach line reconstructed. The procedure of expanding and

. constructing new down Mach lines is continued until the expansion is

complete.

Section II (figures 2a and 2b) consists of up Mach lines, {rom the
points on the last expansion line, to the free boundary, as shown in
figure 4. 1f the X-coordinate at any point along the up Mach line ex-
ceeds the input value of FBCUT, calculations are discontinued on that
line and the program procceds to the next up Mach line.

I1-7
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Free Boundary

——____«—Vehicle Afterbody ‘///

-«—Up Mach Line

. *<i:;£iii\?xpansion Line
Figure 4
Section I1I (figure 2b) for an overexpanded nozzle is also constructed
with up Mach lines to the free boundary, where the first point on the up
Mach line is determined by obtaining the interscction of a down Mach
line from the previous up Mach line with the plug contour (figure 5).
This procedure is continued until the last point on the contour has been

reached,

Free Boundary ———»

Last Up Mach Line \\\\\y/////;r—~
in Section II——>

Plug Contour"//r

Figure 5

I1-8
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C. SUBROUTINES

Since most.of the subroutines are used wmany times in constructing a
flow field or calculating performance, they are discusscd individually in
this section. The purpose of each subroutine, the equations used, and

flow diagrams are given.
1. INTX Subroutine

Under certain conditions, the numerical solution of the characteristic
system becomes difficult or impossible in determining the intersection of
an up and a down Mach line. These conditions may occur if the slope of
one or both of the Mach lines is extremely large or small. The problem
can be eliminated by rotating the ceoordinate axis when solving the
physical characteristics, and by modifying the axisymmetric term in the
compatibility equations. The physical characteristic equations are in-
variant under this transformation. The INTX Subroutine performs the func-
tion of determining if rotation is necded, the form required for the

axisymmetric term, and calls one of the followiny subroutines:

INT1 Subroutine - No rotation is used and the axisymmetric term
of the compatibilicy equations for both up and

down Mach lines use the differential dX.

INT2 Subroutine - The coordinate system is rotated and the axi-
symmetric term of the compatibility equations
for both up and down Mach lines usc the dif-
ferential dX (for an up or down Mach line with

very small slope).

IT-10
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INT3 Subroutine - The coordinate system is rotated and the axi-
symmetric tevm of the compatibility equations
for both up and down Mach lincs use the diff-

erential dY (for an up or down Mach line with

very large slope).

INT4 Subroutine - The coordinate systewm is rotated and the axi-
symmetric term of the up Mach line uses dX
and the down Mach line dY (for an up Mach line
with very small slope combined with a down Mach

line with very large slope).

INT5 Subroutine - The coordinate system is rotated and the axi-
symmetric term of the up Mach line uses dY
and the down Mach line dX (for an up Mach line

with very large slope combined with a down Mach

line with very swall slope).

The coordinates and flow conditions (W, tan 8, and tan «) at the

points on an up and down Mach line wmust be stored into the variables

A(I) and B(I), respectively,

I1-11



Pratt & Whitney Rircraft
PA TR-1021
Voluuwe V

Subroutine EITX

643007
FO 8521
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2, INI1 Subroutine

Given the coordinates and flow conditions (W, pnn g, and tan g) at
two points in the flow field not on the same Mach line, the INT1 Subrou-
tine determines the coordinates and {low conditions at the interscction
of an up Mach line from one point, and a down Mach line from the other.
The known coordinates and flow conditions at points 1 and 2 must be
stored intoe the variables A(I) and B(1), respectivelv. The corresponding
propertics at the interior point, 3, (figure 6) will be stored in the

variable C(1).

Down Mach Line

Up Mach Line

Figure 6

Written in finite difference form, the characteristic system is

1 - tan ¢ tan §

-

B tan § + tan ¢ 1 _

—

and (2.1)

B tan § - tan g _
YZ) B [l 4+ tan % tan B ) (X3 X?)’

4

(Y,

S T _ I S R tan ¢« tan B v
(‘43"”1.)[14 tan '11 (tan g4-tan 61)[ 2 8] v[_(l-tan o tan e)\']l(x3 X))
1

l+tan
and ‘ (2.2)
1 1 tan ¢ tan 8
(W,-W.) ———7—MT] +(tan §.,-tan 8,) —“”__f—;] = :[ — - - ,] (X.,-X.)).
3 27|W tan o ) 3 2 1+Lun2 6 ) (L+tan ¢ tan G)Y ) 3072

The subscripts 1 and 2 indicate that the quantities in bracicls ave

evaluated at these points,

I1-13
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Solving ecquations (2.1) simultancously, Lhe coordinates at point 3
At S 4

are:;

tan § + tan o X tan § - Lan o ,
. - - X - Y = =1
Yl [l - tan & tan 6]1 1 YZ {1 + tan o tan 7\2
Xj _ 2
tan 8 - tan o _ tan B + tan
. 1 4 tan ¢ tan 6 5 1 - tan & tan § 1
and (2.3)

Flow conditions W, and tan 93 are then obtained {from the simultancous

3
solution of equations (2.2). K I K
Wo = 1 2
3 - ,
1
Fsres i reeer i Il ey cwperer
Wotan o 2 1 + tan™ @ 2 W tan g 1 1 + tan™ @ 1
and (2.4)
‘. - WV . ]‘ < 1 - .
tan 93 = kz 1 W3 [w tan ;}L'[l-+ Lan? 8]] ’
where: L___ tan o~ tan 8
Wotan (I+tan ¢ tan B)Y].
= J T 22 + o (X, - X,) 2
Kl tan 62'*‘(:\2 [___-_l_'_] o 3 9 { 1“:!
2 - 2
+tan © ) L1+tun 5] 5
and
1 __tan & tan 6
* W tan z | (l-tan ¢ tan §)Y 1
K2 = tan 61 - wl —:::I——*—_— + = (X1 - X3) ]
- 9
l+tan” 8 1 l+tan29 L

The tangent of the Mach angle (tan a3), which is a function of Wy, is
determined by the procedure described in TAGAL Subroutine for an ideal

gas or by the procedure in the PRFCL Subroutine for a perfect gas.

I1-14
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Since the ¢valuation of equations (2.3) and (2.4) gives first approxi-

. matiens to ¥, Y tan 93, W and tan ¢

303

. improved solutions are obtaineéd
51 3’ X

by replacing the quantities in brackets with average values; that is,

tan & + tan o

replace by
P l-tan o tan 6 . Y
tan € + tan o _ 1/2 tan 6 + tan & {tan 6 + tan @
I-tan ¢ tan L l1-tan tan § l-tan ¢ tan
9 1,3 o b4 L 6 3

This procedure for obtaining the improved solutions is repeated until
successive values of X, arc within a specified tolerance,

3

X, - X = 0.000005

TI-15
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Subvoutine T 1

VaARYal
VARYAS -
VARV A4 -

VARYRT .
\NARYBS =

VART

VAEY 2 ¢

VARY 3 - Val?aia 2

VART 4 Vapyad o2

VarY § 2 VARTLY

VARY L = VAR L

VARV 7 2 VARVHT e 2

VARY 8t VARYRS ")

e

Cra) s Bl - VARYS I ¢ VARYS S (1)

ThMe sl
TEMp,

Cla

b

CALL FEES
T, el 1 TEST

S U7 I N

e

1 VARYS> = 5 &iVARINE -

[EETIS N

CHECR

VARY6 ¥ VARYBG +

VARY? = VARYRT 4 _

VARYE = VARYRS

CURRS e €11
VARV
VARYZ = CONTINUE
VARTS [P
VARY L ¢
_J [ —
643007
D B5618
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~ 3, INT2 Subroutine
Given the coordinates and flow conditions (W, tan B, and tan ) at
two points in the flow ficld not on the same Mach 1ine, the INE2 Subroutine
determines the coordinates and flow conditions at the interscction of an
up Mach line from one point and a down Mach line from the other point,
tvhen the slope of either Mach line is very small. 7The known coordinates
and flow conditions at points 1 and 2 must be stored into the variables
A1) and B(I), respectively. The corresponding properties at the inter-

section point, 3, (figure 7) will be stored in the variable C(I).

2 3/
2 /
Down Mach Line-—
‘ 1

1 ——/
3(Up Mach ILine
N

(a) (b)

Figure 7

The characteristic system is the same as for the INT1 Subroutine
(equations 2.1 and 2.2), except that the coordinate axes are rotated.

The coordinate transformation is given by the following:

Xl

X cos $+ Y sin @
" Y' =Y cos ¢ - X sin 9P,
and (3.1)
tan §' = (tan @ - tan ®) + (1 + tan O tan ¥)
where :

the prime indicates the rotated value and @ the angle of rotation.

I1-17
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Selving the phvsical characteristics (equation 2.1) simultaneously

using the rotated values, the coordinates at point 3' are delerwined.
The coordinate axes are then rotated back to their original position, and

the flow conditions w3 and tan 83 arc obtained a¢ in the INT1 Subroutine.

I1-18
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4, INT3 Subroutine

‘

Given the coordinates and flow conditions (W, tan §, and tan &) at
two points in the flow field not on the same Mach line, the INT3 Sub-
routine determines the coordinates and flow conditions at the intersec-
tion of an up Mach line from one point and a down Mach line from the other

-

point, when the slope of either Mach line is vervy large.  The known co-
ordinates and flow conditions at points 1 and 2 wust be stored into the

variables A(I) and B(I), respectively. The corresponding properties at

the intersection point, 3, (figure 8) will be stored in the variable C(I).

s ¢
Down Mach Line—"

1
N, 5

A

Up Mach Linc

.

(a) (v

Figure 8

The characteristic system is the same as for the INT1 Subroutine
(equations 2.1 and 2.2), except that the axisymmetric term of the cowm-

patibility equations have the form

tan ~ tan €
a[}tan 6 + tan o) Y]l (Y3 - Yl) (4.1)

for an up Mach line, and

(tan Q0 - tan ) Y

tan ¢ tan B
oy -V )
[ } (¥, - ¥,) )
2
for a down Mach line.

I1-20
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Because numerical solution of the physical charvacteristics is extremely
difficult when the slope of a Mach line is very large, the coordinate axes

must be rotated, The coordinate transformation and the calculation of flow

conditions are the same as presented in the INT2 Subroutine.
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Subroutine INT3
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5., INI4 Subroutine

.

Given the coordinates and flow conditions (W, tan @, and tan ¢) at
two points in the {low field not on the same Mach line, the INTY Subroutine
determines the coordinates and flow conditions at the intersection of an
up Mach line from onc point and a down Mach line from the other point,
when the slope of the up Mach line is very small and the slope of the
down Mach line very large. The known coordinates and flow conditions
at points 1 and 2 must be stored into the variables A1) and B(1), respec-
tively. The corresponding properties at the intersection point, 3, (fig-

ure 9) will be stored in the variable C(I).

-<—Dowin Mach Linc

Up Mach Lin-
| \ 3

Figure 9

The characteristic system is the same as in INT1 Subroutine (equa-
tions 2.1 and 2.2), except that the axisymmetric term of the cowpatibility

equation for the down Mach line is

tan ¢+ tan § ]
O[(tan B - tan @) Y ) ¥y - Yz)' (5.1)

Because numerical solution of the physical characteristics is extremcly
difficult when the slope of a Mach line is large, the coordinate axes wust
be rotated. The coordinate transformation and the calculation of flow

conditions are the same as presented in the INI2 Subroutine.

I1-23
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~ 6. INT5 Subroutine

Given the coordinates and flow conditions (¥, tan B, and tan o) at tvo
points in the flow field not on the same Mach line, the INT5 Subroutine
determines the coordinates and flow conditions at the intersection of an
- up Mach line from one point and a down Mach line from the other point, wvhen

the slope of the up Mach line is very large and the slope of the down Mach

line very small. The known coordinates and flow conditions at points 1 and
2 must be stored into the variables A(I) and B(I), respectively. The cor-

responding propertics at the intersection point, 3, (figure 10)will be

stored in the variable C(I).

Down Mach Line «—Up Mach Line

41

Figure 10
The characteristic system is the same for the INT1 Subroutine (equations
2.1 and 2.2), except that the axisymmetric term of the compatibility equa-

tion for the up Mach line is

tan ¢ tan 8
[(tan 6 + tan Q)Y}1 (Y3 - ¥p). (6.1)

o

Because numerical solution of the physical characteristics is extremely
difficult when the slope of a Mach line is large, the coordinate axes wmust
be rotated. The coordinate transformation and the calculation of flow con-

ditions are the same as presented in the INT2 Subroutine.
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7. FEXPAND Subroutine
The EXPAND Subroutine calculates the flow properties at a point after
the flow has been expanded by an increment in the velocity vatio (fig-

ure 11). The slope, tan GC, of the expanded velocity ratio, NC, is found

Figure 11

by integrating
& gl

2
L 8) . Lt 8. 4y, tan @), (7.1
o VUG Ci

Using the method of Runge-Kutta over ten intervals,

let W.o- W

and
tan §, = tan B
1 A

Solve equations 7.2 to 7.8 as j =1, 10,

K = f(W,, tan B8, )h 7.2

1 CF 5 (7.2)
= +

K2 f(wj + h/2, tan ej 1(1/2)11 (7.3)

K3 = f(wj + h/2, tan Gj + K2/2)h (7.4)

II-27



ka =

{(tan g8) =

tan 9j+1 =

u =
i+l

The properties

W =

tan QC =

tan =
eC

T . ¢
f(Lj + h, tan Bj + RB)h

1/6 (K] + 2 K2 + 2 K_ + Ka)

tan Gj + r(tan B)

W, + h
J

corresponding to W

Vi1

£Q4)

tan 811,

C

and are stored in the variable C(I).

3

are
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(7.5)

(7.06)

(7.7)

(7.8)

Since the expansion occurs about a

sharp corner, the X and Y coordinates remain unchanged,
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8. TOUNDD Subroutine

Given the coordinates and flow conditions (W, tan B, and tan o) at
point 1 (figure 12) near a physical boundary, the BOURDD Subroutine
determines the corresponding values at a boundary point 3, which is the
intersection of the down Mach line from point 1 with the caontour of the

nozzle.

Up Mach Line ~—Down Mach Line

Figure 12

The coordinates and flow conditions at the interior point 1 and the
previous boundary point 2 are stored in variables B(IL) and A(I),
respectively. The calculated values at point 3 are stored into

variable C(I).

The boundary is represented by the equation Y = f(X), and is evaluated
in the EVAL Subroutine. The necessary first guess on Yq is the Y-

coordinate of the last calculated point on the contour.

An iteration on equation (8.1) is required to determine the coordinates

X3 and Y3 .

= +
X3 Xl tan 8 - tan o
1 + tan & tan 6 1

(8.1)

=
It

F(x)
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two successive values of Y1 are within a tolerance of 0.000005,

the flow conditions are calculiated by

d

tan 93 = == f(X3)

Tan ¢, is
3

ideal gas

dX

U — tan » tan B
1) . _ N < %3 - € r -
1 4 tan™ 6 l(tdn 93 tan 81) S (tan B-tan )Y ](&3 Yl)

= W - - -
1
N
Wtan o
1

a function of W3, and is calculated in TAGAL Subroutine for an

or in PRFCT Subroutine for a perfect g

S.

Improved solutions are obtained by replacing the quantities in

brackets with average values as described in the INIL Subroutine. The

procedure

is repeated until

0.000005.

o
<o
1
<
-~

1
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9. FREE Subroutine
Given the coordinates and [low conditions (W, tan 8, and tan o) at
point 1 (figure 13) near a fres boundary, the FREL Subroutine determines

the corresponding values at a boundary point 3, which is the intersec-

tion of the up Mach line from point 1, and a boundary of constant pres-

sure {or velocity).

3  Free Boundary of
7 Constant Velocity

~«—Up Mach Line

Down Mach —*
Line

Figure 13

The coordinates and flow conditions at the interior point 1 and
the previous boundary point 2 are stored into variables A(I) and B(I),
respectively. The calculated values at point 3 are stored into the

variable C(1).

Since W and tan ¢ are constant along the free boundary, these
parameters are set equal to the values at point 2. The coordinates at

point 3 are calculated by

tan B + tan o
- Y. + - p
LI B [1 - tan ¢ tan 9]1 X [t"“ 8]2

3 [tan 6 + tan o _] _ Ban é]
1 - tan « tan B 1 2

(9.1

and

Y = Y, + (X3 - XZ) [tan d]l .
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The slope of the free boundary is calculated by

] w? - wl tan o tan B
tan B, = tan §., + [ - :' - [ an o "dn o, :] (y.,-Y.,)
2 Wotan ¢ & -t DY
3 1 1+l an’8 . T_ tan «f 4 (tan B-tan =)Y ) 1 1

Tuproved solutions are obtained by replacing the quantities in brackets

with averape values as described in the INT1 Subroutine. The procedure is

repeated until

xi - X <~ 0.00005.,
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Subroutine FREE

FINTER

GUESS = 0.

{1y = B

C{5) = B{%)

T1 = B{3)

T ={A(3) + AL -A(SIHA(3)
T3 b AL 4A(3) )

T4 = A()7A(S)

To = A(H A AN A EA(2)

VARYL 0L

VARY2 = T2

VARYS = T3

VARYH = T4

VARYS - T5
LOOP =
1, 100

SR B A AT VARY 2-B( O VARY D/(VARY 2= VARY L) |

CL2) - B2+ (C{)-B(1)) VARYI
CE3) - A(3) ¢ ((C(H=A(4))/ VARY 4= PCONTVARY SH(C12)=A ()" VARY 3

r

[ CHECK = C{1-GUEsS J

fCHECK S
Quns

GUESS - C(1)

VARYL = (55Tt + C{3)

VARY2 = . 55{T2 + (C(3)+C(5N/{1. ~C(5)=C(3)
VARY3 = . 5(T3 4 1. /(1. + C(3)%)

VARYG = . 5%{T4 + CLHC(5h

VARYS = . 87(T5 ¢ CLTC(R) /UGN C(5)=CI))

CONTINUE

PRINT OUT "ITERATION FAILURE
IN FREE BOUNDARY SURROUTINE"

643007
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10. TMLINE Subroutine

Depending on the value of TF, the TMLINE Subroutine calculates a
starting down Mach line that has either a constant Mach number or a
constant slope (a straight line). The straight Mach line is limited to
a perfect gas model. For both options the initial coordinates along the
contour must be stored in X(1) and Y(1); the calculated Mach line with
NUM peints is stored in BL(Y,J), beginning at the expansion point at

the end of the vehicle afterbody.

The following procedure is used to develop a down Mach line of con-
stant Mach number from the vehicle afterbody to the plug contour. As
a first approximation, the initial coordinates of the contour are used
as the intersection of the starting line with the contour. Since the
Mach number is constant along the starting line, the values of tan w

and W also remain constant.

Using the method of Runge-Kutta for two first-order differential
equations, the Y coordinate and tan 8§ for additional points on the Mach

line are calculated by integrating

QX - tan B - tan «
dX 1 + tan ¢ tan 8’
and
d(tan 6) _ tan o ran 6 (1 + tzm2 6)
aXx Y (1 + tan o tan 8) ’

If, after calculating the intersection of the starting line with the
Y-axis, this point is not within * 0.0000001 of the value of 1.0, the
initial point of the starting line must be shifted along the contour and
a new Mach line constructed, This procedure is continued until the

above tolerance is met.
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For a straight dewn Mach line from the expansion point at the end

of the vehicle afterbody to the first input point on the plug contour,

the slope of the Mach line is

ay 1.0 - Yl

dX 0.0 - X1

Since the slope, tan @, at the first point on the contour is known,

the Mach angle and velocity ratio, tan o and W, at that point can be

calculated by

tan 6 - dY/dX

tan o« =

and

W = f(tan o)

1 + (dy/dX) tan 6§ °
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If tan ¢ is negative, the first point on the contour is shifted to
the right along the contour by DELTX until tan ¢ is positive, 1In incre-
ments of AX, additional points along the straight Mach line are calculated

by the following procedure,
X, = X, + pX
i

Using the method of Runge-Kutta, tan o is calculated by integrating

i
tan ¢ (:K + tan g)

d(tan o) _ \dX
dx <X —%{ + 1) [1 + - (YH/‘{’UO
1 4+ (y+1/v-1) tan” o

The Y coordinate, tan 8§, and velocity ratio are calculated by the

foliowing equations:

dy
= 4+ A} =
Yin Y, Xy s
1
i% + tan y
dX
tan 8 = , and
1 - 4 t
ax tan o

W
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11. PRFCT Subroutine

The PRYCT Subroutine is made up of four perviect gas relationships,
which arce a function of velocity ratio and a constant specific heat ratio,
Depending on the value of the parameter (L), this subroutine calculates
either tan 5, ratio of static to total density, ratio of static to total

pressure, or Mach number,

The following equations are evaluated by the PRFCT Subroutine,

1 - v
tan o = ',) \:’+l (L = 0)
w‘(.———-———l
y - 1
1
2 -1
plo = [1-wyY (L =1)
N
P/E = [1—w2]‘f 1 (L = 2)
2( 2]
M = [V Y - 1 (L = 3)
2
1 - W

The following is an explanation of the subroutine call list,

L - Indicates parameter to be calculated

Q - The known or input value of velocity ratio V/Vmax
T - Variable that will contain the calculated value
TEST - An error signal in case of a subsonic velocity.
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ENTER
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T = /T

TEST = 0.
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12. TAGAL Subroutine

~_
.
For an ideal gas, the TACGAL Subroutine is used to calculate tan 5 as
. a function of a known velocity ratio (W = V/V . ). For the option wvhere
sonic
the local frozen sound speeds from the table of gas properties are not used,
. . 1
an & = - . .
,2 ‘2 dq/dw) -
sonic dP/dW

A beam fit evaluation of the gas properties is necessary to deteruine

PR

the values of dp/dW anl dT,/d0.

If the local frozen sound speed option is used, then

1
tan ¢ = 5 s
(v W/ei” - 1

-~ sonic

where the local frozen sound speed (¢) is also determined {rom a beam fit

evaluation of the gas properties table,

The following is an explanation of the subroutine call list,

N WVALU - The known value of velocity ratio
TVALU - Value of tan ¢ corresponding to WVALU
TEST - A signal that the input velocity ratio is subsonic., If

TEST = -1, subsonic; TEST = 0, supersonic,
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CALL BMEVAL
TROPE]

CALL BMIEVAL
(Pl

{

k/

YValve- . W
VWEOC2Z T ROPE T VVATUZ/PP < 1.

- TEST = -1,

YVALUL

TVALUE = /YVALUZ.
TEST = 0.0

[ CALL BMEVAL
U {ss]

1.
TWVALT = sONICV7 §5 17700

YVALUE =

641506
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13, SONICP Subroutine

For an ideal gas, the SONICP Subroutine is called to adjust the units,

determine the sonic values, and "beam {it" gas properties. Corresponding

. C e s I1b{ sec . 3
values of specific impulse, Tha s density, lbuw/ft s pressure,
m

;2 .
(1bf/in"); and local frozen sound speecd, (ft/sec), must be stored into

varsables W(L), RO(I), (1), and VS(I), respectively. The subroutine

) ec?
converts the units of pressure to 1bf/ft” and density to 1bf sec”

£

If the program is to calculate local sound speeds, the pressure and
density is beam fit as a function of specific impulse to calculate the
sonic velocity at the throat. The sonic IS is first bracketed by two values

of specific impulse and a halving process is used until

dP/dIq 5
— 7 +
d[;,/dIq v sonic 0.00001,
where:
/ . /¢ is the value of I _ at which dP/dI_ and dg/dl  arc evaluated,
sonic O S S S

The velocity and density at this point are stored into variables SONICV
and RHOSON, respectively. All of the specific impulse values are converted
to velocity ratios by dividing each one by the sonic Is' The pressure aund
density is then beam fit again as a function of velocity ratio.

For the option where the local frozen sound speeds are used, the curve
of c vs W ig beam fit for the purpose of evaluating the local speed of

sound throughout the flow field. Also, the iteration to determine the

sonic velocity at the throat is eliminated because this value is given in

the input.
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14, AMBV Subroutine

For an ideal gas, the AMBV Subroutine determines the velocity ratio
corresponding to an input value of pressure (PA). From the beam [it of
P vs W, PA is bracketed by evaluating the curve at increasing values of

W. A halving process is used to determine the value of the velocity

ratio corresponding to PA and stored in WN,
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15. TMFLOW Subroutine

The TMFLOW Subroutine calcuates the mass flow across the starting
down Mach line to determine throat areca (A%), The starting Mach line
must be stored in the two-diwensioned variable BIL(I,J), and the total

mass flow through the nozzle isstored into XMFLOW.

To calculate the mass flow for an axisvumetric nozzle, the follow-

ing equation is integrated along the starting down Mach line.

e
. . V[{ + tan” B ﬂi)

o= It - Sy ;

o _[(P W tan o Con Botan @ oM, dy (15.1)

For two-dimensional flow, the 2TY term is omitted,

The increment of mass {low between the first two points on the Mach
line is calculated by trapezoidal integration. In the above equation,
then the first mass flow

let Q represent the quantity in parenthesis;

1

increment is found by

G Y
o= AT Ky - X))

“

The remaining increments of mass flow, as illustrated in figure 15,
are determined by the parabolic integration of equation (15.1) for each

point on the starting down Mach line.

]

- . 1 )
Byl wy L 2040 ] n

St i
Q

Figure 15
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16. CIGT Subroutine

The gross .thrust coetficient at the f{irst contour point is calculated
by the CTGT Subroutine. In this subroutine, the starting down Mach line
is expected to be stored in BL(I,J), and the calculated thrust coefficient

will be stored in the variable CTG.

For a perfect gas and axisymmetric {low, the gross thrust coefficient
is determined by integrating the following equation along the starting

Mach line:

@]
!

1 tan o a2 - } P
> h { + — 27 U
TGT _[A* [tan % - tan 6 P 1 PO Y e

For an ideal gas and axisymmetric flow,

tan o 2 .2
- Y
tan & - tan 8

_ sonic
I‘GT 3% PC

!
o
3

C dy.

For either gas model and two-dimensional flow, the 27Y tcrm in the above

equations are omitted,

The same integration procedure as explained in the TMFLOW Subroutine
is used for solving the proceeding cquations; that is, use trapezoidal
integration for the first increment on the Mach line and parabolic

integration for the remaining increment,
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Subroutine CTGT

—
.
.
e
.
A
-
o
~_
CALL prPplT
LTI SO TR T
T
[ THY = feflapaier o0 }
l THFINT ¢ THY 10 Tenz v oor e J
13
E
T
LR,
-
T l
PRINT Gl'T OF
RALIE OF FURY TATLES
- ” IN QR THALLT
+ . TN TS T USROG 1N
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I TesY 1
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l FERVES)
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17. PERFOR Subroutine
After the flow conditions at each Mach line intersection with the
contour have been determined and these values stored into variable C(1),
the PERFOR Subroutine is called to calculate and print the performance
at this point. For parameters that require integration, trapezoidal
integration is used for the first intersection, and parabolic integra-
tion is used for the remaining points. The following are the nine
parameters printed at each contour intersection.
PRF (1) The ratio of the X coordinate to the throat radius
as stored in C(I)
PR¥ (2) The ratio of the Y coordinate to the throat radius
as stored in C(2)
PRF (3) The slope of the contour or tan 6 as stored in C(3)
PRF (4) The Mach number calculated by M = /1 + 17—— s
tan” «
where tan o = C(5)
PRF(S) The ratio of static pressure to chamber or total
pressure, a function of W = Cc(4)
PRF (6) The ratio of specific heats that is input for a
. perfect gas, but for an ideal gas Y = ? p/P

PRFE(7) The ratio of accumulated surface area to the throat
area (A%)
For two-dimensional flow, AS/A* = 1 /A% jﬁs

For axisymmetric flow, AS/A* = 2W/A*./§ds

where: ds = J&AX)Z + (dY)2
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The gross thrust coefficient where the value at the
first point is stored in CIG
I)
For axisymmetric flow, CIG = CTG %lf%;—-—zz 2y dY
0
Yor two-dimensional flow, the 27Y term is omitted
The net thrust coefficient, which is the CIG less (1)
friction drag aleny the contour, and (2) subsonic
losses. TFor a perfect gas and axisymmetric flow,

the frictional drag coefficient is

9
Y
Cf PM

P . AK
[s]

DRAG = 1/2 27y dY

where: the coefficient of {friction (Cf) at each

point is determined from

e 4 o1 Mz] -0.578
£ fi ) 2

The cquation for two-dimensional flow is the same

except the 27Y term is omitted. For an ideal gas
C. w2 VZ

. f sonic -~
DRAG 1/2 PO e 2Ty dy

Again the 27TY term is omitted for two-dimensiocnal

flow.
The subsonic thrust coefficient loss is an input

parameter,
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18. EVAL Subroutine

For a given‘value of X, the EVAL Subroutine either calculates the ¥
coordinate and slope of a conical nozzle contour, or calls the BEMEVAL
Subroutine if the contour has been beam fit, If the value in INCP == 1,

the following equations are used.

oy r - r - r 1
Yi &l (Xl ki) Y.

The value of Y' is the slope of the conical contour and must be

stored in BSLOPE.
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Subtoetine EV/L

TT = KS1LOPE
YY = Y(1)-BSLOPE-{X{1)-XX)
M =0

CALL BMEVAL
YY & TT @y XX

[

643007
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19. BMFIT Subroutine

The BMFIT Subroutine is used to calculate sets of cubic cocffiicients
for a spline curve fit through a series of input points. This method of
curve fitting, cownonly referred to as beam-fitting, is derived in Volume
I. The calling sequence for the subroutine is:

CALL BMF1T (L,N,X,Y,EO,EN,A,B,C,D),
where:

L - A fixed point variable denoting one of the following moment or

slope end-condition options

L =1, M = EO and M, = EN

1
L= 2, Ml = EO and MN = MN-I
= I\ = [ & LA S 2
L 3, I]_ E0 and ‘lN EN

L, = / M = 1 = ~'11
I by 111 MZ and NN EN

L=05,M =M, and M =M

1 2 N
= = M o=
L =6, M =M, and Y} = EN
_ N o
L=17, 'l] = EO and MN = EN

L =28, Y} = EO and I-IN = MN-l

L =9, Y} =EO and Y} = EN

N - A fixed point variable equal to the number of points to be fit

X - A single dimensional array containing the values of the independent
variables

Y - A single dimensional array containing the values of the dependent
variable

EQ - The moment or slope at the leading end as required by the options
L.=1,2,3,7,8, and 9. (EO is zero for L = 4,5 and 6.)

EN - The moment or slope at the trailing end as required by the options
L= 1,3,4,0,7, and 9 (EN is zero for L = 2,5, and 8.)
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. .th .
- The moment at the i contour peint

, ‘ . .th .
- The slope at’ the i contour point,

set of coefficients is calculated for the interval betwcen cach
point and then stored in the one dimensional arrays A, B, C, and

3

3 2 .
Y = AX + BX +C X+ D, .
i 1 1 1
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FN . 3%(Lal/3) - 271
KO = (Lal}/ 3

A(T) - X(J) - H(J-1)
DM-{Y(IH-Y(I-1/A(D

CONTINTL

L3 HSLOPLN-D{N) / ALN)
A BiN00s

Ki N

Kizt

B4 T=2 H[A[N)+A[N-1))
B(N) = SLOFLS

T-3 A A(N-1) s A{N-)
SLOPEN = 0.0
¥
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K1 2

B(1)=(6. 2 (D[2})-SLOPFOY-C()$A(2))/ (A{2)*

2. -B{2))

3

B(1) - SLUMLO

B(2) = C{2)-B{2}*B(1)

B{2}=B(1)

Blly=(6. #(D{3)-D2)-A) QR 3 =a{H A (2 -B(3))

T

C{M-1)=(& *(DIN)-D{N-1})-SLOPEN#A(N)) /T
B{N-1)TA(N-I)/T

Ki:N-1

Ki=2

FaN-J

T=2 A (A(KI+A{K+]))}-A(K+1}*B(K+1)

B{h) A{K)}T

CEY (6. H{D{R 1} -D{K)) - A(FK+1)*C(K+ D))/ T

TA = 6. #A(J)

TM = B(J-1)*X(J)

TN = X{I-1)% B{J)

TX = X(N*(X(J)-X(I-1)-X(I-1)) -
TY = N(J-1#(X{I)+X{(T)-X(I-1))
A(J-1) = (B(I)-B{I-1))/TA

CLI-1=D(I +(B{NF(-TX)+2 #X(I-1)*TN-B(J-1}*TY-2. *X(1)*TM)/TA

BI-1}=(TM-TN}*3 /TA

D{J-1) = (TX#TN+TY*TM)/TA+Y(I-1)-2(J-1)*D(])

[CONTINU E

R
E
T
u
R
N

IT-59

642Q06
FD 8566



Fratt &Whitney [Rircraft
PWA FR-1021
Volume V

20. BMEVAL Subroutine
After a curve that is represented by a set of input coordinates has
been f[it by the BMFIT Subroutine, the BMEVAL Subroutine is used to evaluate
the curve and its first derivative for a given value of the independent
. . , 3 2 .
variable. The subroutine solves the cubic equation Y = AX” + BX™ + CX + D

after searching for the set of coefficients corresponding to the given

value of the independent variable,

The eleven parameters that make up the call list of the BMEVAL Sub-

routine are as follows:

N - The nuwber of coordinates describing the curve
X - Contains values of the independent variable in increasing
order (maximum of 100)
Y - Corresponding values of the dependent variable (maximum of 100)

VALU

1

Value of the independent variable at which the curve is to be

evaluated,

L - Error signal
L = -1, curve is out of range to the left
L = 0, curve is in range
L = +1, curve is out of range to the right
A,B, - Contain the coefficients of the cubic equation for intervals
c,b
between each input coordinate (these coefficients are calculated
in the BMFIT Subroutine)
YVALU - The calculated value of the dependent variable corresponding to
VALU
DERIV - Calculated value of the first derivative corfesponding to VALU.
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L/

CONTINULE

el

YVALU = Y{J)

DERIV = XTI (3. 233y A3V 2 v R{I)+C(T)

f

R
E

)
,w ©

L=--1

YVALU=VALU{(VALU(VALU%A(J=1)4B(J-1))
AC{I-1N D31

i

DERIV=VALU¥(3. *VALUYA{J~1)+2 #R(J-1))+C(I-1)

i 643007
. FD £936
T
u
R
L
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SECTION I1I
INPUT - OUTPUT

The INPUT Subroutine is used to initialize constants and to load
the input data. After loading the required input, this subroutine reads
any of the optional input with a scatter leoading feature that terminates
with an END card. The following is a detailed outline of the input pro-
cedure. A sample input sheet is shown in figure 16, which corresponds to
the output results given in Paragraph B.
A. IKPUT FORMAT

All data cards must contain the FORTRAN variable name in card columas 1-06
(adjusted to the left). For single-valued variables, the number must be in
columns 7-16. For variables containing more than one value, the numbers
are in field widths of ten columns, beginning in column 7 of each card
(6 per card). Depending on the contour option and the gas model option,
the parameters under Required Input must be input and in the order listed.
The Optional Input has no particular order, and is terminated by a card
with END in columns 1-3. Each Opticonal Input variable will equal the
built-in value, unless another number is input. The built-in value is
restored between multiple cases.
1. Required Input
a. General

TITLE — Any information to be printed as a heading at the begining

of the output will be placed in columns 7-72.
PA — Ambient pressure ratio, Pa/Pc.

FBCUT —_ Cutoff value of X/Rt along free houndary

I11-1
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ANCP  — _The number contour coordinates.
XNCP = 1.0, Conical nozzle
XNCP > 1.0, Contour is beam fit.
If XNCP = 1.0
X «— The first X/Rt value on the contour
Y — The corresponding Y/RL value
BSLOPE — The contour slope in degrees (must be negative).

If XNCP > 1.0

X

Y

The X/R¢ values in increasing order

— The corresponding Y/Rg values

BSLOPE — The contour slope at the first X/Ry

ESLOPE — The contour slepe at the last X/Rg

c. Gas Model Option

(1)

(2)

Perfect Gas (Constant Specific Heat Ratio)

GAMMA — Specific heat ratio

Ideal Gas (Table of Gas Propertiecs is Required and Must Follcuw
the END Card)

(a)

(b)

Local Sound Spceds Calculated by Program
XN — The number of cards in the table of gas properties
PC — Chamber pressure, psi

Local Frozen Sound Speeds from Table Arc Used

FROZEN — Must be non zero
XN — The number of cards in the table of gas properties
PC — Chamber pressure, psi

ITI-3
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Optional Input
Name ' Built-In Description
Value
TF 1.0 TF = 0.0, A starting Mach line to
be loaded inte BL(I,J)
TF = 1.0, Program calculates a straight
Mach line (for perfect gas only).
TF = 2.0, Provram calculates a Mach
line of constant Mach number. The
decgired Mach number is in TM.
If a starting line is to be loaded, it must
follow the table of gas properties; or for a
constant GAMMA it follows the END card
FCON 1.0 FCON = 1.0, Axisymmetric flow
FCON = 0.0, Two-dimensional flow
XNIM 5.0 Number of points on starting Mach lince
Xcey 0.0 . Exit value of X/Ry alony contour.
If nothing is input, XCUT is set egual
to last X value for beam fit contour
or XCUT is the intersection point of
contour and minimum Y/R, (CYLHT) for
conical nozzle,
FRRINT 0.0 FPRINT = 0.0, flow field is not printed
FPRINT = 1.0, flow field is printed
CUTTOL .0001 Tolerance on cutoff iteration
CF .003 Incompressible coefficient of skin
friction alonyg contour
DRAG .011 Thrust loss at the throat
DELIW .01 Expansion increment of velocity. If nothing
is input,
DELTW = .01 for a perfect gas
DELTW = .005 for an ideal gas
CYLHT .01 Minimum value of Y/R. along contour
DELX .1 Maximum distance between adjacent

Mach lines along contour
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Name Built-In Description
Value
WTIOL .000005 Tteration tolerance on Mach Tine

intersection

™ 1.005 Mach number for a constant Mach number
starting line

TOL .0000001 Mininum Y/Rt distance between starting
line and expansion point

DEL1X .001 X/R¢ increment to shirt starting Mach
line
PHT -.5 Angle of rotation for interior inter-

sections, radians
A card with END in columns 1-3 must follow the last optional input card.
For an ideal gas, a table of gas properties wust be input. The first
card is a title card describing the gas model, and the second card con-
. . . by gec
tains in columns 2-15 the gpecific impulse, ——ﬂ?;—~— , at the throat.
) m
Each of the remaining cards must contain corresponding values of specific
. Ibe_ o . . -3 g
impulse T ) > pressure (psi), and density (lbm/ft?) in columns
m
2-15, 16-29, and 30-43, respectively, with the local sound speed (ft/scc)
in columns 58-71.

If a starting down Mach line is to be input, the valuecs of X, Y, tan =,

W, and tan o at each point on the line must bhe on a separate card with

>
the numbers in field widths of ten beginning in column 7. The first six
columns of each card is used to identify the FORTRAN variable (BL).
B. OUTPUT DESCRIPTION

The first page of the output includes the title, values of important
input parameters, an evaluation of the nozzle contour if any portion has been
beam fit, and the values of X, Y, tan 9, W, and tan o at points along the

starting down Mach line. If there is no flow field printout, the following

lines of output are the nine performance parameters at points of Mach
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line intersections with the contour, as explained in the PERFOR Subroutine,

and points along the free boundary. A sample of the program output is

shown in figures 17a, 17b, and 17c.

C. PROCEDURES FOR CORRECTING PROGRAM FAILURES

After thoroughly checking the input when a program failure occurs,
the beam fit contour should be carefully inspected. Because the beam fit
rocedure forces a continuous curve to pass exactly through each input
point, a small error in any of the X and Y values can cause waves in the
contour. It is often helpful to make an enlarged plot of the contour to
smooth the curve and read the input coordinates more accurately,

Listed below are several types of program failures with explanations
and corrective procedures,
1. Crossing of Like Mach Lines

If the contour curve is an accurate representation, the crossing of
like Mach lines is normally legitimate and indicates a strong shock in the
flow field. A weak shock can occur and cause like Mach lines to cross,
but the program will not fail. 1In this case, the Mach lines will fold back
and the remaining results are still comparatively accurate. Another case
of crossing Mach lines could be an incorrect starting Mach line.
2. Negative tan ¢

This failure is caused by an attempt to calculate tan o from a subsonic
velocity. Usually, this happens only when a strong shock occurs.
3. Iteration Failure in the Interior Subroutines

If after 100 iterations, the solution of a Mach line intersection has
not converged, the program will fail the case. If the convergence toler-
ance is not too small, this failure is normally the result of either too

large a mesh size or a bad choice of rotation angle. The mesh size is

I11-6
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made smaller by incrcasing the number of points on the starting Mach
line, decreasing the maximum distance between adjacent Mach lines along

¢

the contour, or decreasing the expansion increment. Tf the coordinate system
is rotated to avoid the position of a Mach line, the slope of the opposite
Mach line can be rotated into an undesirable position. A better choice
of rotation angle can be input for PHI.
4, lteration Feilure in BOUNDD Subroutine

This is due to a discontinuity or poor curve fit of the nozzle

contour. This iteration will also fail if the wmesh size is too large.
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mdx

sonic

APPENDIX A
SYMBOL TABLE

Theoretical throat arca
Local speed of sound
Coefficient of friction
Gross thrust coefficient

Net thrust coeificient
Specific impulse

Mach nuwber

Pressure

Maximum velocity

Sonic velocity at the throat

Velocity ratio; either V/Vm

Mass flow rate

Mach angle

Ratio of specific heats
Density

= 1 for axisymmetric flow
= 0 for two dimensional flow

ax

Pratt & Whitney Rircraft
WA FR-107]

or V/V

sonic

Volume

Angle between velocity vector and axis of symmetry

"r



Variable

Al

A?

A3

AL

ASTAR

Bl

B2

B3

B4

BL

BSLOPE

C1

C2

C3

C4

CF

CHECK3

Dimension

100
100
100
100

200,5

100
100
100

100

200,5

100
100
100

100

Pratt & Whitney Rircraft
I'WA FR-1021
Volume V

APPENDIX B

FORTRAN SYMEOL TABLE

(COMMON

Description

e 3 .
Coeificients of X7 from contour beam fit

.. 3 . X .
Coefficients of X7 from p vs W beam fit
, . . 3 .
Coefficicents of X~ from P vs W beam {it
Cocfficicents of X7 froacc vs W beam it

Variable vused to store X, Y, tan 8, W, and
tan o on a down Mach line

For stoving X, Y, tan §, W, and tan « al a
point on an up Mach line

Theoretical throat area
2
Coefficients of X~ {from contour beam fit
. 2 .
Coefficients of X from o vs W beam fit

Coefficints ot X2 from P vs W beam fit

2
Coefficients of X° from ¢ vs W beam fit

Variable used to store X, Y, tan B, W, and
tan « on a down Mach line

For storing X, Y, tan 6, W, and tan « at a
point on a down Mach line

The initial slope of the contour
Coefficients of X from contour beam fit
Coefficients of X from ¢ vs W beam fit
Coefficients of X from P vs W beam fit
Coefficients of X from ¢ vs W beam fit
Incompressible coefficient of skin friction

Indicates the final contour point has been
calculated in Scction ITT of the flow field



Variable

CL

CTG

CUTCIIK

CUTTOL

CYLHT

bl

D2

D3

D4

DELTW

DELTX

DELX

DL

DRAG

ESLOPE

FBCUT

FCON

FPRINT

Dimension

200,6

100
100
100

100

200,5

Pratt & Whitney Rircroft

PWA FR-1021

Volume
Description

Variable uscd to store X, Y, tan 8, W, and
tan « along the free boundary

For storing X, Y, tan 6, W, and tan ¢ usually
at a point of Mach line intersection

Gross thrust coecfficient at the first contour
point

Signal inside the BOUNDD Subroutine to in-
dicate input contour bas been excecded

Tolerance for the cutoff point iteration

Minimum Y/R¢ value for the contour

Contains constants from contour beam fit
Contains constants from 0 vs W beam fit
Contains constants from P vs W beam fit
Contains constants from ¢ vs W beam fit
Eipansion increment of velocity ratio

Shifting increment of AKX for starting
Mach line iteration

Maximum distance between Mach lines along
contour

The last down Mach line in the expansion
region

Accumulated drag along the contour

For storing X, Y, tan 8, W, and turn « at
previous points along the contour

The end slope of the contour beam fit
Cutoff point along the free boundary

Indicates either two-dimensional or axisym-
metric flow

Indicates whether flow field is to be printed

v



Variable

FROZEN

GAMMA

INCP

J1

NCP

NFBP

NUM

PA

PC

RHOSON

RO

SONICV

TF

TITLE

™

UNEXP

VS

WN

Dimension

100

100

10

100

Pratt & Whithey Rircrafi
PWA FR-1021
Volunme V

Description

For the ideal gas option, this indicates
whether local frozen sound speed is usced

Specific heat ratio when constant

Fixed point value of the number of points
on the contour

Number of the first supersonic velocity in
the table of gas propertics

Number of points input for the contour

The number of free boundary points

Number of cards making up the table of gas
properties

The number of points on the starting down
Mach line

Ratio of ambicnt pressure to chamber pressurce
Chamber pressure, psi

Contains the values of pressure in table
of gas preperties

Density evaluated at the sonic velocity

Contains the values of density in table of
gas properties

Sonic velocity
Indicates the type of starting Mach line
To store and print title card

Mach number for constant Mach number starting
line.

Indicates that nozzle flow is under expanded

Contains the values of local frozen sound
speced in table of gas properties

Minimum velocity ratio corresponding to PA



Variable

W

Ws0C2z

WIOL
( XNUM
X

Y

= » aw

Dimension

100

160

100

Pratt &Whitney Rircraft
PWA FR-10/2]
Volume V
Description

Contains the values of velocity ratio in
table of gas properties

Sonic velocity squared

Iteraticon tolerance on interior inter-
sections

Floating point value of NUM

Contains X coordinates of input contour

Contains Y coordiantes of input contour

B-4



